ABSTRACT
block (3 sites) or a split plot (2 sites) design. Six years after treatment, thinning significantly increased 23 diameter and diameter increment as the residual density level decreased and increased stand basal area, 24 stand basal area increment, stand volume and stand volume increment as residual density level 25 increased at all sites. Fertilizer significantly increased diameter and stand basal area increments at two 26 sites and stand volume increment at one site; these sites had low initial leaf area index, a metric 27 commonly used to assess the potential for response to fertilization. Diameter increment increased as 28 initial diameter class increased. Larger trees grew faster than smaller trees at all sites and for all 29 treatments.
Diameter growth decreased as initial stand basal area increased, and fertilization 30 significantly increased diameter growth for a given level of initial stand basal area at sites where 31 fertilization affected diameter growth. Stand volume increment increased as diameter increment 32 increased for crop trees (largest 247 stems ha -1 ), whereas stand volume increment decreased as 33 diameter increment increased for all trees. The stand-scale 'cost' for greater individual-tree diameter 34 growth was a reduction in stand volume increment in the 247 stems ha -1 treatment; this reduction was 13 35 m 3 ha -1 yr -1 across all sites compared with the 1235 stems ha -1 treatment, whereas the individual tree 36 diameter growth 'benefit' was 0.9 cm yr -1 when comparing these same treatments. Trade-offs were 37
Introduction 42
Thinning and fertilization are tools that forest managers can use to manipulate resource 43 availability and how resources are allocated to individual trees within a stand. Fertilization increases 44 resource availability by the direct application of limiting nutrients, whereas thinning affects the allocation 45 of existing light, mineral nutrient, and water to the residual trees. Fertilization improves growth by 46 increasing leaf area index in nutrient-limited stands (Albaugh et al., 1998; Vose and Allen 1988) . 47
Thinning reduces stand-scale leaf area by removing trees, although the residual stand may benefit from 48 having more available site resources allocated to fewer trees. Total gross stand production (removals 49 plus mortality plus final harvest) in a thinned stand will be less than in a non-thinned stand (Burkhart and 50 Amateis 2012); consequently, thinning removals are often relatively light to limit the reduction in stand 51 volume production (Smith et al., 1997) . However, the diameter growth response of residual trees after 52 thinning is typically greater with heavier thinning that leaves lower residual basal area or number of trees 53 per hectare (Bassett 1969; Fox and Kreh 2003) . 54
Ecophysiological studies of responses to thinning or to thinning and fertilization indicate that 55 increases in individual tree leaf area and growth efficiency (growth per unit leaf area) are responsible for 56 increases in individual tree and stand growth rates (Blevins et al., 2005; Carlyle 1998; Gillespie et al., 57 1994; Mitchell et al., 1996) . Whereas anecdotal evidence has been available for some time (Chapman 58 1942) , recent results demonstrated that larger trees on nutrient limited sites grow faster than smaller trees 59 and respond more to fertilization (Carlson et al., 2008) . The mechanism for this phenomenon is greater 60 leaf area, resulting in greater light capture and higher light use efficiency (growth per unit of absorbed 61 light) in larger trees . Leaf area can vary considerably at the same stand basal area 62 (Albaugh et al., 2004) , but little quantitative information is available on how far individual tree leaf area 63 can decline due to low resource availability (light and/or nutrients) before responses to thinning and/or 64 fertilization are adversely affected. Clearly, we need to better understand how light and nutrient limitations 65 affect individual trees and their potential to respond to thinning and/or fertilization. 66
Thinning combined with fertilization can result in a greater diameter growth response (Sword 67 Sayer et al., 2004) . However, from a modeling perspective, relatively little data exist where thinning and 68 fertilization are combined using modern fertilizer prescriptions similar to those presented by Fox et al. 69 (2007) . These prescriptions resulted in relatively recent 73 increases in the level of fertilizer application intensity throughout the southeastern United States where 74 prior to the availability of this information (prior to ~1990) fertilization applications in the southeastern 75
United States were about 80,000 ha yr -1 , whereas after that time fertilizer applications increased up to 76 480,000 ha yr -1 . For the most part, historical thinning response data have been 77 generated from stands that were not fertilized. Consequently, the growth response of individual trees and 78 stands following thinning alone in these circumstances was relatively small (Hasenauer et al., 1997) . 79
However, sites with good native site resources demonstrate good responses to thinning (Sword Sayer et 80 al., 2004) . Leaf area development in most P. taeda stands is limited by nutrient availability rather than 81 light (Albaugh et al., 2006; Vose et al., 1994) . Stands with high leaf area indices that are close to their 82 productive potential do not respond to additional fertilization (Zhao et al., 2016) . However, fertilization 83 and thinning may interact in fully stocked stands on sites that do not respond to fertilization. For example, 84 fertilization applied after thinning may be needed, even in stands with high leaf area prior to thinning, to 85 provide readily available nutrients for the residual trees to develop the additional canopy needed to fully 86 occupy the site. 87
Current intensive management practices (e.g. chemical site preparation, tillage where 88 appropriate, herbaceous weed control, early fertilization) provide more available resources on an area 89 basis, and these resources are better utilized by the crop species because competing vegetation is 90 reduced to low levels. As a result, individual tree and stand growth are accelerated, and there is much 91 less variation in individual tree size (McKeand et al., 2000; Nilsson and Allen 2003 ) as early as eight years old, with density-94 dependent mortality potentially beginning around 40 m 2 ha -1 of basal area at these initial density levels 95 (Albaugh et al., 2006) . Even though differentiation into crown classes is slow, there may be benefits to 96 focus on larger trees that have sawtimber potential, due to their anticipated higher value per unit volume 97 or weight (Daniels 2005) (TimberMart-South 2016) . Ultimately, managers want to maximize the net 98 present value of discounted cash flow for their range of site, product, and price conditions. To do so, they 99 need an understanding of individual tree and stand growth responses under different stand densities, and 100 thinning and fertilization regimes as well as the ability to quantitatively model these types of responses. 101
This information will allow them to find the appropriate balance between maximizing stand and individual 102 tree growth. 103
Numerous questions must be answered to provide this information, including: What is the 104 relationship between stand volume growth and stand density, and how is that relationship affected by 105 fertilization? What is the trade-off between individual tree growth and stand growth, and how is that 106 affected by fertilization? Are there interactions between thinning and fertilization? To begin addressing 107 these issues, we examined these hypotheses: 1) diameter increment is independent of tree diameter 108 class following thinning (there is a zero slope in the relationship between diameter increment and 109 diameter size class); 2) diameter increment is independent of stand basal area following thinning and is 110 not affected by fertilization (there is a zero slope in the relationship between diameter increment and 111 stand basal area after thinning, and this relationship is unaffected by fertilization); and 3) the relationship 112 between stand volume growth (volume increment) and individual tree diameter growth (diameter 113 increment) is the same when examining all trees and crop trees (the slopes are the same for the volume 114 increment versus diameter increment relationship when examining all trees and crop trees after thinning). 115
Methods 116

Experimental Design 117
We installed a randomized complete block design (sites 1, 3 and 4) or a split-plot design (sites 2 118 and 5) with four replications each at five sites in the southeastern United States in P. taeda stands. Sites 119 were selected from five physiographic regions with one site in each region ( , no fertilization in 122 the last four years, trees between 10 and 15 years old, and peak leaf area index between 2 and 3. Leaf 123 area index was determined using satellite imagery (Blinn et al., 2012 For sites 1 to 4, thinning was a fourth or fifth row removal with thinning from below between the 143 cut rows where we selected damaged trees, trees that would not reach sawtimber grade, and small trees 144 for removal. At site 5, there were no cut rows and thinning was all from below using the same criteria as 145 that used at the other sites. Removal was done operationally with a feller-buncher, and cut trees were 146 removed with a skidder. If a plot that was selected for the 1235 residual stems ha -1 thinning treatment 147 had fewer than 1235 stems ha -1 , no trees were removed from the plot. We thinned to a specific number 148 of stems per hectare to provide a range in initial basal area needed for modeling efforts planned for the 149 data set. Fertilization was applied as urea and diammonium phosphate, either by hand or with a spreader 150 mounted on a four-wheeler. The selected fertilizer rates were based on data from Fox et al. (2007) 151 indicating that these amounts (224 and 28 kg ha -1 of elemental nitrogen and phosphorus, respectively) 152 typically provided a good response (3.8 m 3 ha -1 yr -1 for 8 years) in nutrient limited P. taeda stands. The 153 split-plot design was permitted for those sites where we initially considered applying fertilizer 154 operationally, which would have been from the air. However, given the effort in verifying the aerially-155 applied fertilizer amounts, all sites had fertilizer applied from the ground. Thinning typically occurred in 156 the summer or fall, with fertilization occurring in the winter or spring following the thinning operation. A 157 fungicide (Sporax) was applied to the cut stump immediately after the tree was felled for all stumps in the 158 treated plot and within 12 m of the treated plots to prevent root rot from infesting the residual trees. At the 159 end of the second growing season after treatment, an operational vegetation control treatment was 160 applied to all plots to reduce competing vegetation, permit better access to the trees for measurements, 161
and prevent differential development of competing vegetation across treatments. 162
Diameter at breast height (1.37 m) was measured on all live trees after the treatments were 163 applied and subsequently annually. Height was measured on all live trees after the treatments were 164 applied and six years after treatment. Crop trees were defined as the largest (by stem volume) 247 trees 165
. Based on this definition, the data for the 247 trees ha -1 thinning treatment would be the same for the 166 all tree and crop tree analyses. Individual tree volume was calculated from diameter at breast height and 167 height using two equations (one for non-thinned and one for thinned trees) from Tasissa et al. (1997) . 168 The non-thinned tree equation was used for all volume calculations for the 1235 stems ha -1 treatments 169 and for volume calculations for the 741, 494 and 247 stems ha -1 treatments at study initiation through two 170 years after thinning whereas the thinned tree equation was used for the 741, 494 and 247 stems ha -1 171 treatments more than two years after thinning. Individual tree volume and basal area were summed by 172 plot and scaled to a hectare basis. References to basal area and volume are at the stand scale, 173 references to diameter and height are at the individual tree scale. 174
Statistical Analyses 175
A mixed model approach (PROC MIXED (SAS-Institute 2002)) was used to examine treatment 176 effects six years after treatment for diameter, diameter increment, height, height increment, basal area, 177 basal area increment, volume, volume increment, and density. We considered blocks as replicates and 178 combined blocks for each experimental design so that the randomized complete block analysis had 12 179 blocks (3 sites x 4 blocks per site) and the split-plot analysis had 8 blocks (2 sites x 4 blocks per site). 180
Block was the random effect for the randomized complete block sites and block and block by fertilization 181 were random effects for the split-plot sites. Site, fertilizer, thinning, and their interactions were fixed 182 effects. Site was considered a fixed effect because we selected sites in specific physiographic regions 183 (Littell et al., 2006; Piepho et al., 2003) . We sliced by site with the other fixed effects to determine 184 significant interactions with site. We used the Tukey-Kramer adjustment to determine means separation. 185
All statistical tests were evaluated with alpha equal to 0.05. Residuals were examined for bias for all 186 statistical tests; none was found except where noted. 187
We calculated stand density immediately after thinning and stand density six years after thinning 188 for each 1-cm diameter class for each treatment combination at each site. These data were examined 189 graphically to highlight the difference in density for a given diameter size class immediately after thinning 190 and six years later. 191
For each tree, we calculated the absolute diameter increment over six years as the diameter after 192 six years minus the diameter immediately after thinning and divided the result by 6 to get annualized 193 diameter increment. We determined the initial diameter class for each tree by rounding the diameter 194 measured immediately after thinning to the nearest 1-cm. To test our first hypothesis, we developed 195 regression equations for the diameter increment and initial diameter class relationship using a mixed 196 effects model for the split-plot and randomized complete block sites. The full model was: 197 DI = DC F T S DC*F DC*T DC*S F*T F*S T*S DC*F*T DC*F*S DC*T*S DC*F*T*S 198 where DI was diameter increment (cm yr -1 ), DC was initial diameter class (cm), and F, T, and S were 199 class variables for the fertilizer and thinning treatments, and site, respectively. Block was the random 200 effect for the randomized complete block sites and block and block by fertilization were random effects for 201 the split-plot sites. For both experimental designs, non-significant terms were dropped from the model 202 until all terms in the model were significant. 203
We examined the relationship between two-year tree diameter increment and the corresponding 204 stand basal area at the beginning of each two year period. For every two year measurement cycle, we 205 calculated the diameter increment as the diameter measured at the end of the cycle minus the diameter 206 measured at the beginning of the cycle and divided the result by 2. We calculated initial stand basal area 207 as the stand basal area at the beginning of the corresponding cycle. To examine our second hypothesis, 208 we tested a linear mixed effects model to develop regression equations for the two-year diameter 209 increment and initial stand basal area relationship for sites where there was a significant fertilizer effect 210 on diameter increment and for those sites where there was no significant fertilizer effect on diameter 211 increment. However, residuals analysis indicated that a nonlinear model was appropriate. Consequently, 212
we used a nonlinear mixed model (PROC NLMIXED and the SAS macro %NLINMIX (SAS-Institute 213 2004) We calculated volume increment over six years as the volume six years after thinning minus 221 volume immediately after thinning and divided the result by 6 to get annualized volume increment. As 222 before, we calculated absolute diameter increment over six years as the diameter after six years minus 223 the diameter immediately after thinning and divided the result by 6 to get annualized diameter increment. 224
These calculations were completed using all trees and using only the crop trees. To test our third 225 hypothesis, we developed regression equations for the volume increment and diameter increment 226 relationship using a mixed effects model for the split-plot and randomized complete block sites. The full 227 model was: 228 VI = DI F T S DI*F DI*T DI*S F*T F*S T*S DI*F*T DI*F*S DI*T*S DI*F*T*S 229 where VI was volume increment (m 3 ha -1 yr -1 ), DI was diameter increment (cm yr -1 ), and F, T, and S were 230 class variables for the fertilizer and thinning treatments, and site, respectively. Block was the random 231 effect for the randomized complete block sites and block and block by fertilization were random effects for 232 the split-plot sites. For both experimental designs, non-significant terms were dropped from the model 233 until all terms in the model were significant. Separate analyses were completed using the all tree and 234 crop tree data. 235
Results
236
Significant site effects were observed six years after treatment initiation for diameter, diameter 237 increment, height, height increment, basal area, basal area increment, volume increment, and stand 238 density for the randomized complete block sites and for diameter increment, height, basal area, and 239 volume for the split-plot sites (Table 3) . 240
Thinning significantly affected diameter, diameter increment, height increment, basal area, basal 241 area increment, volume, and volume increment at all sites (Table 3) . Diameter and diameter increment 242 increased at all sites as number of stems decreased from 1235 to 247 stems ha -1 ( Fertilizer significantly affected diameter, diameter increment, basal area increment, and stand 253 density at the randomized complete block sites and diameter, diameter increment and basal area 254 increment at the split-plot sites (Table 3) , 18%) increments (Table 4) . At site 5, fertilizer treatment means were 257 significantly greater than non-fertilized for diameter (1.8 cm, 7%), diameter increment (0.2 cm yr , 26%). Fertilized and non-fertilized treatment means were the 259 same for all variables measured at sites 1, 2 and 3. Significant site by fertilizer interactions for the 260 randomized complete block sites were observed where the difference across site was in the magnitude of 261 fertilizer response. Significant fertilizer by thinning interactions were observed at sites 4 and 5 for stand 262 density where fewer trees survived six years after treatment initiation in the fertilized plots with 1235 initial 263 stems ha -1 than in the non-fertilized plots with the same initial density. 264
The thinning treatment (year 0) had a large effect on the diameter distribution of all sites (Figure  265 1). Immediately after the thinning treatment, the number of stems per hectare for a given diameter class 266 increased as the residual density level increased. Six years after treatment initiation, the diameter 267 distribution in the 247 stems ha -1 treatment showed a larger shift to the right (more larger diameter trees) 268 than the other thinning treatments, although the other thinning treatments still had more stems in a given 269 diameter size class where the thinning treatments overlapped size classes. 270
Diameter increment increased with increasing initial diameter class across all sites and 271 treatments ( Figure 2 and Table 5 ). When examining the diameter increment and initial diameter class 272 relationship, significant site, fertilizer, and thinning effects were observed for both the randomized 273 complete block and split-plot sites. Across sites, the fertilized 247 stems ha -1 treatment typically had the 274 greatest slope (change in diameter increment per change in initial diameter class), whereas the non-275 fertilized 1235 stems ha -1 treatment typically had the smallest slope. 276 Two-year diameter increment decreased with increasing initial stand basal area (Figure 3 ). For 277 sites 4 and 5 (the sites with a significant difference in fertilizer means for diameter increment), fertilizer 278 significantly affected the slope of the two-year diameter increment versus initial stand basal area 279 relationship. Plots with fertilizer had a larger diameter increment for a given level of initial stand basal 280 area. This was not the case for sites 1, 2, and 3, where there was no difference in the diameter 281 increment means due to fertilizer. 282
At all sites, volume increment decreased with increasing diameter increment for the all-tree 283 analysis ( Figure 4A ). Conversely, volume increment increased with increasing diameter increment for the 284 crop tree (the largest 247 trees ha Thinning to a relatively low density had a significant effect on diameter increment and resulted in 287 individual trees at all sites reaching a larger diameter at a faster rate compared with higher densities. 288
This effect was especially noticeable when the residual density was less than 741 stems ha -1 . Previous 289 thinning studies in P. taeda typically did not reduce post-thinning density to levels as low as those in our 290 study, and the resulting diameter increment in those studies was less than that achieved here (e.g. 291 (Hasenauer et al., 1997) ). Diameter increment in the 247 stems ha -1 treatment averaged almost 1 cm 292 more per year than in the 1235 stems ha -1 treatment across all sites (Table 4) . However, at the stand 293 scale, basal area and volume increments were much greater in the 1235 stems ha -1 treatment than they 294 were in the 247 stems ha -1 . The stand-scale 'cost' for the greater individual tree diameter growth was a 295 13 m 3 ha -1 yr -1 reduction in volume increment in the 247 stems ha -1 treatment across all sites compared 296 with the 1235 stems ha -1 treatment. Alternatively, there was a 0.9 cm yr -1 'benefit' in individual tree size in 297 the 247 stems ha -1 treatment across all sites compared with the 1235 stems ha -1 treatment. Clearly, 298 considerable trade-offs developed between individual tree size and stand growth occurred across the 299 thinning levels imposed in this study. 300
Fertilization significantly increased individual tree growth at two sites (4 and 5). Averaged across 301 the two sites, the diameter increment increased by 0.2 cm yr -1 (25%) with fertilization. Low leaf area in 302 pine stands in the southeastern United States is often a result of nutrient limitations (Albaugh et al., 1998; 303 Vose and Allen 1988) , and these sites had relatively low pretreatment off-peak leaf area indices (Table 2) . 304
Off-peak leaf area indices are approximately one half of the value of peak leaf area indices, and stands 305 with a peak leaf area index less than 3.5 typically respond to fertilization . The volume response to fertilization is in the same range as that observed in other studies on 308 similar soils and with similar nutrient additions (3.2, 3.8, 2.2-3.2 m 3 ha -1 yr -1 reported by Albaugh et al. 309 (2012) , Fox et al. (2007) and Albaugh et al. (2015) , respectively). 310 A significant fertilizer by thinning interaction was found for diameter increment at the split-plot 311 sites (sites 2 and 5) ( Table 3) . In this case, the observed result was likely driven by the large increase in 312 diameter increment with heavier thinning (247 trees ha -1 treatment) combined with fertilization at site 5. It 313 is likely that, in this nutrient-limited stand, the fertilizer additions provided the resources needed for the 314 trees to build larger crowns (because they were nutrient limited with low leaf area) and to take advantage 315 of the additional space in the canopy left as a result of the thinning. Significant fertilizer by thinning 316 interactions were observed for stand density for both the randomized complete block and split-plot 317 studies. This result was likely due to responses observed at site sites 4 and 5, where residual trees per 318 hectare was lower (mortality was higher) in the fertilized 1235 stems ha -1 plots compared with the non-319 fertilized plots with 1235 stems ha -1 . This additional mortality in the high density plots where fertilizer was 320 added was not surprising given that fertilizer recommendations suggest avoiding fertilizing high density 321 stands because this may result in density-dependent mortality . A significant fertilizer by 322 thinning interaction effect on growth variables was not found in studies from the literature for loblolly pine, 323 possibly because only one level of thinning was examined (Sword Sayer et al., 2004) . 324
We found that diameter increment in thinned stands was dependent on initial diameter class 325 ( Figure 2) ; consequently, we rejected our first hypothesis. This agrees with data from ecophysiological 326 studies examining thinning and fertilization where, across species, growth of larger trees was greater than 327 that of smaller trees due to increased individual tree leaf area, growth efficiency and light use efficiency 328 Blevins et al., 2005; Campoe et al., 2013; Carlyle 1998; Forrester et al., 2013; 329 Gillespie et al., 1994; Mitchell et al., 1996) . Data from our study broaden the inference from these 330 ecophysiological studies to a wider range in stand density and site conditions specific to P. taeda. 331
Similarly, evidence suggests that in mature stands, thinning is a more important predictor of growth than 332 spacing (at least initial spacing) (Baldwin et al., 2000) . Our data supports this evidence in that, across all 333 sites and treatments, the slope of the relationship between diameter increment and initial diameter class 334 was positive. This suggests that there is little benefit from retaining small trees simply to avoid a gap in 335 the stand. These results may influence management in that there may be an incentive to remove small 336 trees when completing a thin without considering spacing within the stand. Small trees may not grow 337 sufficiently to maintain value in a discounted cash flow analysis of the future stand at final harvest, and 338 they may use resources that would be better allocated to larger trees that grow well. 339
Diameter increment was not independent of initial stand basal area and was affected by 340 fertilization at sites where there was a significant fertilizer effect on diameter increment ( Figure 3) ; 341 consequently, we rejected our second hypothesis. The relatively high average diameter increment (~1.5 342 cm yr ) resulted from the 343 relatively heavy thinning levels imposed in this study. It is not surprising that other studies did not identify 344 large increases in diameter increment following thinning. Our post-thinning stand density levels were less 345 than half of the average number of residual trees in previous studies. Our lowest residual density 346 treatment was approximately 100 stems ha -1 less than the lowest thinning level in other studies 347 (Hasenauer et al., 1997) . The slope for the relationship between diameter growth and stand density was 348 relatively flat for density levels from 1235 to 494 stems ha -1 , and large increases in diameter growth only 349 occurred between 494 and 247 stems ha -1 . These levels were not measured in other studies. These low 350 densities may never be used in an operational situation but were necessary to provide information about 351 the potential response across a range in density levels. Although post-thinning leaf area index was not 352 measured, based on the observed volume response six years after treatment in our study, it is likely that 353 leaf area index was increased by 1.5 units . Whereas fertilization did influence the 354 diameter increment versus initial stand basal area relationship at sites where fertilizer significantly 355 affected diameter growth, it did not have an effect on this relationship at sites where fertilizer did not 356 significantly affect diameter growth. Apparently, highly productive sites, or at least the sites in our study, 357 that do not respond to fertilizer have sufficient available resources to rebuild leaf area and support rapid 358 growth after thinning. This is in contrast to more traditional silvicultural prescriptions that include 359 fertilization with thinning to facilitate the development of maximum leaf area (Long et al., 2004) . However, 360 our results are in agreement with recent work where there is a maximum growth level and nutrient 361 deficiencies prevent trees from achieving that level (Zhao et al., 2016) . 362
The slopes for volume increment and diameter increment were different for all trees and crop 363 trees only groups ( Figure 4) ; consequently, we rejected our third hypothesis. These relationships further 364 quantify the benefits and costs of moving from many stems per hectare that yield high stand volume 365 growth from relatively small individual crop trees to few stems per hectare that yield low stand volume 366 growth from larger crop trees. For example, at site 3, a 0.2 cm yr -1 increase in the average diameter 367 increment of the crop trees will likely result in a 2.7 m 3 ha -1 yr -1 reduction in all-tree stand growth but an 368 increase in crop tree growth of 1.8 m 3 ha -1 yr -1 at the stand scale. The optimal combination of stand 369 versus individual tree growth will be determined by the objectives set by managers for a given stand; data 370 from our study have quantified these relationship such that managers may make informed decisions. 371
Our study examined a range of thinning levels both with and without fertilization. Thinning to low 372 residual density (247 stems ha -1 ) resulted in large increases in individual tree growth, whereas stand-373 scale growth for all trees was greatest in the non-thinned plots. However, volume growth of the crop 374 trees in the low density treatment exceeded that of crop trees in the higher density treatment. Fertilization 375 was needed on sites that had low leaf area; but, on productive sites with high leaf area prior to the thin, 376 fertilization did not improve post-thin growth. These productive sites had sufficient available resources for 377 the trees to develop large crowns and to maintain high growth rates. On sites that responded to 378 fertilization, there was a thinning by fertilization interaction, in which diameter growth was increased 379 across all thinned basal area levels with fertilization. Large trees grew faster than small trees across all 380 sites and treatment combinations in agreement with ecophysiological studies, suggesting that at thinning, 381 small trees should be removed because they may not maintain value through the rotation, and they do 382 use some resources that are better allocated to larger trees. ) from the independent variable diameter class (cm) for five Pinus taeda plantations where fertilizer and thinning treatments were applied. These equations correspond to the lines in Figure 2 .
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